This article presents a late summer temperature reconstruction (AD 1675(AD -1980 for the northeastern Mediterranean (NEMED) that is based on a compilation of maximum latewood density tree-ring data from 21 high-elevation sites. This study applied a novel approach by combining individual series from all sites into one NEMED master chronology. This approach retains only the series with a strong and temporally robust common signal and it improves reconstruction length. It further improved the regional character of the reconstruction by using as a target averaged gridded instrumental temperature data from a broad NEMED region (38-45°N, 15-25°E). Cold (e.g. 1740) and warm (e.g. 1945) extreme years and decades in the reconstruction correspond to regional instrumental and reconstructed temperature records. Some extreme periods (e.g. cold 1810s) reflect European-wide or global-scale climate conditions and can be explained by volcanic and solar forcing. Other extremes are strictly regional in scope. For example, 1976 was the coldest NEMED summer over the last 350 years, but was anomalously dry and hot in northwestern Europe and is a strong manifestation of the summer North Atlantic Oscillation (sNAO). The regional NEMED summer reconstruction thus contributes to an improved understanding of regional (e.g. sNAO) vs. global-scale (i.e. external) drivers of past climate variability.
INTRODUCTION
A growing concern about ongoing and projected climate change and its socioeconomic and environmental implications raises questions about anthropogenic forcing of the climate system and the amplitude and spatial variability of its response (IPCC 2013) . A full understanding of the climate system and its long-term variability requires a longer timeframe than instrumental data alone can offer (Hegerl et al. 2006; Jones et al. 2009 ). Knowledge of preindustrial climate conditions furthermore is necessary to distinguish between anthropogenic and natural drivers of climatic variability. In recent decades, general progress has therefore been made in developing hemispheric-scale climate reconstructions Frank et al. 2010 ) that are largely tree-ring based and reach millennial timescales. Studies at higher spatial resolution, however, are needed to elucidate climate variability patterns and their association with forcings at the regional scale, where changes are arguably most relevant to ecosystems and society (PAGES 2k Consortium 2013).
In the northeastern Mediterranean (NEMED) region, here defined to include part of the central Mediterranean (Italian Peninsula) and the eastern Mediterranean (Balkan Peninsula), an overall warming trend has prevailed in the 20th century, which has been most pronounced since the 1980s (Giles and Flocas 1984; Xoplaki et al. 2003a; Alexandrov et al. 2004; Philandras et al. 2008; Toreti et al. 2010) . Summer temperatures are the main contributors to the NEMED warming trend (Kostopoulou and Jones 2005; Nastos et al. 2011; Bartolini et al. 2012) , which is expressed as an increase in longer-term (annual-to decadal-scale) averages as well as in the occurrence of extreme events (heat waves). The frequency and duration of summer heat waves is projected to increase dramatically (Founda et al. 2004; Meehl and Tebaldi 2004; Kostopoulou and Jones 2005; Founda and Giannakopoulos 2009) and summer heat that rarely occurred in the late 20th century reference period may become the norm by the middle or end of the 21st century (Lelieveld et al. 2012) . Moreover, general circulation model projections consistently project an overall drying of the region (Gibelin and Deque 2003; Hertig et al. 2013 ) and NEMED has accordingly been identified as a "climatic change hotspot" (Giorgi 2006; Diffenbaugh et al. 2007 ).
If these projections for future changes in heat stress and water availability are accurate, the socioeconomic and environmental consequences will be significant (Chang et al. 2002; Chenoweth et al. 2011; Lelieveld et al. 2012) . Societies in the Mediterranean region are highly dependent on water resources and current vulnerabilities in the region are controlled by seasonal climatic extremes driven by synoptic settings as well as low-frequency climatic change. The projected upsurge of extremely high summer temperatures will have discernable societal impacts, including excess morbidity and mortality (Knowlton et al. 2009 ), increased energy demand (Smoyer-Tomic et al. 2003; ), and gradually reduced summer tourism (Alcamo et al. 2007) . Intensified heat waves and a reduction in summer precipitation will further affect agricultural production (particularly for rain-fed summer crops; Schroter et al. 2005) , forest fire risk (Moriondo et al. 2006) , and air quality Lelieveld et al. 2012) . Freshwater scarcity may occur in some areas and will be aggravated by population growth and economic development (Chenoweth et al. 2011 ).
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The climate change vulnerability of the NEMED region is in stark contrast with the scarcity of reliable proxy records and paleoclimate information in this region (Vakarelov et al. 2001; Xoplaki et al. 2001; Popa and Kern 2009) . A network of basin-wide reconstructions of century-scale climate variability exists in the Mediterranean region (Pauling et al. 2006; Nicault et al. 2008) , which is based on long instrumental records and proxy data. Wellreplicated tree-ring records have been developed for the Pyrenees (Tardif et al. 2003; Büntgen et al. 2008 Büntgen et al. , 2010a , northern Africa (Esper et al. 2007; Touchan et al. 2008a Touchan et al. , 2008b , northeastern Italy (Serre-Bachet 1994), and Turkey (Akkemik and Aras 2005; Touchan et al. 2005a Touchan et al. , 2005b Touchan et al. , 2007 . Historical documentary data are also widely available for the Mediterranean region (Camuffo et al. 2010) and have been used to reconstruct climatic conditions in the Iberian Peninsula (Barriendos and Rodrigo 2006; Dominguez-Castro et al. 2008) and Sicily (Piervitali and Colacino 2001) . Additional proxies such as speleothems (Rudzka et al. 2012 ) and isotopic measurements of annually banded reef corals (Felis and Rimbu 2010) have also provided additional high-resolution information about past climatic information. Nevertheless, proxy data of any origin are scarce in NEMED and in the Balkan Peninsula in particular (Vakarelov et al. 2001; Xoplaki et al. 2001) .
I present a NEMED summer temperature reconstruction that is based on a compilation of maximum latewood density (MXD) tree-ring data from high-elevation NEMED sites (Figure 1 ). At these sites, MXD measurements can contain a much stronger climatic signal than tree-ring width (TRW) (Büntgen et al. 2010a; Trouet et al. 2012) , which is typically controlled by a combination of temperature and drought factors at high-elevation sites in Mediterranean environments with wet winters and dry summers.
Correlations between TRW series and individual climatic parameters at these sites are often too weak for climate reconstruction purposes (Tardif et al. 2003; Büntgen et al. 2010a; Panayotov et al. 2010; Seim et al. 2012) . Despite the large effort necessary to develop MXD chronologies (Schweingruber et al. 1978) , this parameter is of relevance because of its pronounced climatic fingerprint and skill as an estimator of past climate variability. The presented tree-ring MXD-based NEMED summer temperature reconstruction spans the last ca. 300 years and puts 20th century and projected NEMED temperature trends in a longer-term context.
METHODS
Tree-Ring Data
This study compiled MXD tree-ring data from 27 NEMED sites (Table 1; Figure 1 ) that are archived in the International Tree-Ring Data Bank (ITRDB; http://www.ncdc.noaa.gov/data-access/ paleoclimatology-data/datasets/tree-ring; Grissino-Mayer and (PCOM). Chronologies range in length between 59 years (Sipenski, Bulgaria) and 539 years (Sierra de Crispo, Italy). In a first step, the study analyzed the common variance in the NEMED compilation in a principal component analysis (PCA). Of the original 27 site chronologies, 21 chronologies were retained (in white in Table 1 ) that exhibited the strongest common variance in the PCA analysis. The individual tree-ring series contributing to these chronologies (484 individual series in total) were then combined in a crossdating exercise to develop one NEMED master chronology. Individual MXD time series were crossdated with the aid of COFECHA software (Grissino-Mayer 2001) and agerelated trends were removed using ARSTAN software from all raw measurements using cubic smoothing splines with a 50% frequency-response cutoff equal to 150 years (Cook and Peters 1981) . A NEMED regional chronology was then calculated by averaging the detrended series using a biweight robust mean (Cook and Peters 1997) . Interseries correlation (RBAR) and the estimated population signal (EPS) were calculated for 30-year windows lagged by 15 years to assess the signal strength of the chronology over time (Wigley et al. 1984) .
Climate Data
Early instrumental records (Csernus-Molnár et al. 2014) as well as long time series of instrumental climate data are sporadically available for the NEMED region (e.g. Sofia, Bulgaria, meteorological station: 1887-present; Thessaloniki, Greece, meteorological station: 1892-present), but station data often lack appropriate homogenization ), are thus not necessarily reliable, and they do not optimally represent climate variability at Table 1 . Black circles (1-21) correspond to sites retained for the NEMED regional chronology; gray circles (22-27) were excluded. The black star indicates the location of the Kiss et al. (2011) document record, the white star of the Popa and Kern (2009) tree-ring record (see also Figure 5 ). S71 NEMED Summer Temperature Reconstruction the regional scale. Therefore, the NEMED tree-ring chronology was compared to a data set of monthly gridded (0.5°) average temperature fields (CRU TS3.1; 1901 Mitchell and Jones 2005) in a spatial correlation map analysis using the KNMI Climate Explorer (http://www.climexp.knmi.nl; Trouet and Van Oldenborgh 2013; Figure 3 ). The region (38-45°N, 15-25°E; Figure 3 ) and months (August-September; AS) were selected that generated the strongest correlation coefficients with the NEMED chronology (r>0.6; 1901-1980; p<0.001 ) and calculated the average value over this region. This CRU TS3.1-based time series was then used in the climate-growth analysis and as a target for reconstruction.
Climate-Growth Analysis
This study performed a climate-growth analysis for each species in the NEMED tree-ring compilation to verify the common climate signal amongst species before combining them in one master chronology. For this purpose, in a correlation function analysis, species-specific chronologies were compared with regional monthly and seasonal temperature and precipitation averages derived from the CRUTS3.1 gridded data set (see previous). For the four species that were represented by more than one site in the compilation, site chronologies were combined in a PCA analysis and the species-specific PCA1 time series was used [PCAB (1922 [PCAB ( -1980 , ABAL (1846 ABAL ( -1980 , PIHE (1721 PIHE ( -1980 , PINI (1844 PINI ( -1980 ], representing the strongest common variance amongst the chronologies, in the climate-growth analysis.
Summer Temperature Reconstruction
The reconstruction process consisted of linear transformation, variance restoration, skill assessment, and uncertainty estimation. Late summer (AS) temperature was reconstructed by linearly transforming (also referred to as scaling) the NEMED tree-ring chronology to match the mean and variance of the instrumental temperature data over the full period of overlap . For this purpose, instrumental temperatures were first calculated as anomalies from the 1961-1990 reference period. To test the skill of the reconstruction, calibration/verification tests, here evaluated using reduction of error (RE) and coefficient of efficiency (CE) statistics (Cook et al. 1994) , were calculated on the scaled reconstruction over two equal subperiods of the overlap period (1901-1940 and 1941-1980) . Finally, I merged the most recent instrumental NEMED data , also calculated as anomalies from the 1961-1990 reference period, with the reconstruction.
Uncertainty in the temperature reconstruction arises from the decreasing number of tree-ring series back through time (chronology error) and unexplained variance in the scaling model (calibration error; Esper et al. 2007) . ARSTAN software (Cook 1985) was used to estimate the chronology error by bootstrapping (Briffa et al. 1992) . Standardized tree-ring measurements for every year were sampled with replacement 1000 times and arithmetic means were calculated. Two-tailed 95% confidence intervals (CI) were estimated based on the distribution of the bootstrapped mean and the composite plus scaling technique was then applied to the upper and lower limits of the CI for the tree-ring chronology. The calibration error was estimated as two times the standard error (SE) for the full calibration period 1901-1980. Because of the steep decrease in sample replication back in time (323 series in 1901 vs. 17 series in 1675), I calculated SE for 25-year intervals (starting in 1675) based on scaling models of chronologies that only included the tree-ring series that were present in that 25-year period. Finally, the overall error for the temperature reconstruction was estimated as the square root of the summed and squared calibration and chronology error terms. 
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TROUET Finally, the NEMED summer temperature reconstruction was compared to regional NEMED summer temperature reconstructions based on historical documentary data (Kiss et al. 2011 ) and on tree-ring data ). For these analyses, all proxy time series were smoothed using decadal-scale (20-year) spline functions.
RESULTS
Species-Specific Climate Growth Analysis
A PCA analysis per species resulted in a high percentage of variance in the species-specific chronologies explained by the first PCA axis for all species, ranging between 45.4% for the three PINI chronologies and 73.6% for the four chronologies. I thus used the PCA1 time series to investigate species-specific climate-growth relationships (Figure 2 ). For PCAB, ABAL, PIHE, and PCOM, the strongest correlations were found with August and September temperature, resulting in strong positive correlations with August-September (AS) and July-September (JAS) averages (r = 0.63 to 0.73 for AS and r = 0.52 to 0.67 for JAS; p<0.01). These species also showed strong negative correlations with August precipitation (r = -0.44 to -0.54; p<0.01). ABCE and PIPE were also significantly positively correlated with August temperature and negatively with August precipitation, but no significant correlation was found with September temperature. The strongest correlation for ABBO MXD was with June temperature (r = 0.47, p<0.01) and for PINI with AS precipitation (r = -0.43; p<0.01). Based on these results, I decided to restrict the NEMED MXD compilation to the species that represent the same climate parameter (AS temperature), namely PCAB, ABAL, PIHE, and PCOM (Table 1 ). . NEMED climate correlation maps. Pearson correlation map of (A) the NEMED master chronology and (B) a chronology including only the 28 MXD series that extend prior to 1700 with gridded 1° CRU TS3.10 August-September (AS) temperature anomaly fields . The black box in (A) indicates the area over which AS temperatures were averaged for reconstruction. Correlation coefficients higher than 0.3 are significant at the p<0.01 significance level.
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A PCA analysis including the 21 MXD site chronologies from the species selected based on the climate-growth analysis (previous section) reveals that PCA1 explains 46.6% of the common variance and that the tree-ring series thus have a strong common signal. Of the 484 individual series contributing to this MXD compilation, 401 series were successfully crossdated and combined in a NEMED master chronology. The NEMED chronology shows strong common interannual variability (RBAR = 0.509) and is well replicated with EPS values above 0.85 over the period 1675-1980. A spatial correlation analysis ( Figure 3A ) reveals that the chronology is most strongly correlated with late summer (AS; similar for JAS) temperature (r >0.6; 1901-1980) for the region 38-45°N and 15-25°E. A similar analysis ( Figure 3B) , using a chronology based on only the 28 individual MXD series (from four sites in Italy and Greece) that extend back prior to 1700, shows this spatial correlation pattern is robust even when using a data set with much reduced sample replication. I thus averaged gridded summer temperatures over this region and used the average AS and JAS temperature time series in the calibration and verification analysis.
Calibration and verification trials ( Table 2) show that both temperature parameters (AS and JAS) can be skillfully reconstructed based on the NEMED MXD chronology, with 47% to 76% of the variance explained in the verification procedure and overall positive RE and CE statistics. More variance was explained for AS temperature compared to JAS temperature and RE and CE statistics were higher, indicating a stronger ability to capture low-frequency trends (Cook et al. 1994) . I therefore used AS temperature as the NEMED reconstruction target. 
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The late summer NEMED temperature reconstruction (Figure 4) shows four distinct cold periods: 1738 -1745 , 1810 -1818 , 1909 -1916 , and 1968 -1980 . The periods 1942 -1954 and 1706 -1715 are the warmest on record with 13 and 10 consecutive years of above-average summer temperatures, respectively. The 20th century warm and cold periods are also represented in the instrumental temperature record (Figure 4) , which further shows a distinct positive post-1980 trend, with above-average temperatures occurring in 20 of the 25 summers since 1985. The length of this recent warm period (so far) as well as the anomalies in individual years fall within their historical range. Pre-20th century periods of extreme temperatures correspond to cold and warm periods in two other regional summer temperature reconstructions ( Figure 5) . A document-based May-July temperature reconstruction for western Hungary (Kiss et al. 2011 ) and a tree-ring based June-August reconstruction for northern Romania ) both show cold NEMED temperatures in the 1740s and the 1810s and warm temperatures in the first half of the 18th century. Moreover, the two 20th century cold periods, as well as a pre-1680 cold period, are also reflected in the Popa and Kern (2009) record.
DISCUSSION
August temperature is a driver of interannual MXD variability in seven out of the eight NEMED conifer species analyzed in this study (Figure 2) . This result has previously been found for one of the species Klesse et al. 2014) as well as for spruce in NEMED Levanic et al. 2009 ) and can be explained by the influence of August temperature on cell-wall thickening and lignification processes (Deslauriers et al. 2008) . The seasonality of the climate signal in NEMED MXD series, however, is species-dependent, with only four species also sensitive to temperature variability in September (Figure 2) . Speciesspecific growth responses to climate have previously been found for a wide range of tree species growing under comparable environmental conditions across the European continent (Babst et al. 2013) . In high-elevation NEMED trees, latewood formation occurs between mid to late July and early to late September (Rossi et al. 2006; Deslauriers et al. 2008) , but the lignification of the outermost row of latewood tracheids can extend considerably beyond cessation of cambial activity (Gricar et al. 2005) and can explain the relation between MXD and September temperatures in some species. PINI is the only species in this study for which MXD measurements are more sensitive to (August) precipitation than to temperature (Figure 2 ). PINI is a drought-sensitive tree species (Lebourgeois 2000; Martín-Benito et al. 2008 ) and its tree-ring width measurements have previously been used to reconstruct NEMED precipitation (e.g. Poljansek et al. 2012; Levanič et al. 2013; Klesse et al. 2014) . This result supports the findings of Esper et al. (2006) that at the driest Mediterranean sites and in the most drought-sensitive species, even at high elevation, MXD primarily records drought variability.
For the development of a regional-scale NEMED summer temperature reconstruction, I applied a new approach by combining 401 individual tree-ring series from 21 sites from a 15° (E-W) by 9° (N-S) region (Figure 1) into one NEMED master chronology. This approach is justified by the strong common variance between the MXD chronologies of the 21 sites (PCA1 explains 47% of the common variance), their common climate signal (Figure 2) , and the fact that NEMED MXD is most sensitive to summer temperature, a climate parameter that shows strong spatial homogeneity over distances up to 2500 km Büntgen et al. 2010b) . I have been conservative in the crossdating of individual MXD series to develop the NEMED master chronology: all series that produced B-flags in COFECHA when crossdated to the master chronology-meaning that stronger correlations between the series and the master chronology were found for positions within a (Kiss et al. 2011) ; the NEMED August-September temperature reconstruction (Trouet 2014, this paper) , and a tree-ring based June-August reconstruction for northern Romania ). All temperature anomalies were calculated with regard to the 1961-1990 average. The locations of the Kiss et al. (2011) and Popa and Kern (2009) 10-year window than for the current dated position itself (Grissino-Mayer 2001)-were removed from the master chronology. As a result, only 83% (401 out of 484) of the contributing series were retained for the master chronology, even if all 484 series were originally successfully crossdated at the site level-a requirement for the site chronologies to be included in the ITRDB. The main motivation for this conservative approach was that I used MXD data developed by other researchers and contributed by them to the ITRDB and thus did not have access to the original samples to verify and correct potential measurement or dating errors, here considered to be represented by B-flags. An added advantage of this approach is that only the series that show a strong and temporally robust common signal were retained in the master chronology and that site-specific signals were largely eliminated. This is reflected by the high RBAR (0.51) for the NEMED master chronology.
Another advantage of combining individual tree-ring series rather than site chronologies is that this potentially improves estimated EPS back in time and thus allows for reconstruction over a longer period of time. EPS reflects signal strength over time and generally only the portion of a chronology with EPS >0.85 is used for reconstruction purposes. When site chronologies are averaged to develop a master chronology, each chronology is cut off at the date when its EPS drops below 0.85, thus reducing the potential time series length of the regional master chronology. In the NEMED case, only one site chronology (Sierra de Crispo, Italy) has an EPS>0.85 prior to 1700, whereas individual treering series from four sites were included in the NEMED master chronology prior to 1700. By combining data from multiple sites, the common signal strength in the master chronology can be improved back in time.
To further improve the regional character of the NEMED late summer temperature reconstruction, I used averaged gridded instrumental temperature data from a broad region-including large parts of Albania, Bosnia and Herzegovina, Bulgaria, FY-ROM, Greece, southern Italy, Montenegro, Romania, and Serbia-as a target for reconstruction ( Figure 3 ). Many NEMED meteorological station data lack appropriate homogenization (e.g. removal of urbanization effect; Peterson et al. 1998) , and I therefore preferred to use gridded data to optimally represent climate variability at the regional scale as captured by the treering compilation. The spatial coherence of interannual variability in radiative forcing-and thus in temperature-over large geographical areas (Büntgen et al. 2010b ) justifies this approach and its validity is confirmed by the spatial pattern of the temperature signal in the tree-ring data. The NEMED master chronology captures late summer temperature variability over a large region that extends beyond the area covered by the contributing tree-ring sites and includes large parts of central and eastern Europe, Turkey, Egypt, and the northern Arabian Peninsula (Figure 3) . Moreover, the spatial correlation map shows a signature dipole pattern with negative temperature correlations over the British Isles that reflects the influence of the summer North Atlantic Oscillation (sNAO; Folland et al. 2009; Trouet et al. 2012) . As a result of the broad spatial signature of interannual temperature variability, the NEMED summer temperature reconstruction shares cold and warm events and periods with other regional and global temperature records.
Some of the warmest (1940s) and coldest (1910s) periods, as well as warmest (1945) and coldest (1976) individual years in our NEMED reconstruction, occur during the 20th century and have also been recorded in regional instrumental summer temperature data (Repapis and Philandras 1988; Metaxas et al. 1991; Xoplaki et al. 2003a ). The 1945 heat wave corresponds to the driest year on record for the Bulgarian lowlands (Koleva and Alexandrov 2008) and the 1940s summer warming has been reported as a period of widespread summer drought in Bulgaria (Tran et al. 2002; Alexandrov et al. 2004; Koleva and Alexandrov 2008) and throughout Europe . The cold summers of 1959 and 1976 are recorded as cold extremes throughout the Mediterranean (Xoplaki et al. 2003b; Trouet et al. 2012; Klesse et al. 2014) . It is worth noting, however, that 1976 was one of the driest and hottest summers on record in central and western Europe (Zaidman et al. 2002) , and in the British Isles in particular (Jones and Conway 1997) and thus is a strong manifestation of the sNAO dipole pattern (Folland et al. 2009; Trouet et al. 2012) .
Regional climatic extremes prior to the 20th century that are reflected in our NEMED reconstruction include the cold summer of 1699, which was characterized by year-round snow cover over the Cretan mountains and poor harvest in Thessaly (Xoplaki et al. 2001) . One of the coldest NEMED decades, 1810-1818, occurs as a cold decade in many other regional ( Figure 5 and Klesse et al. 2014) , central European (Büntgen et al. 2006; Zumbühl et al. 2008; Böhm et al. 2010) , and large-scale (Briffa et al. 1998; Franke et al. 2011 ) summer temperature records. The extreme cold during this decade can be explained by a combination of low solar irradiance (Dalton minimum, AD 1790 -1830 , Stuiver 1961 Bard et al. 2000) and the cooling effect of two major volcanic eruptions (Dai et al. 1991; Wagner and Zorita 2005) , including the well-documented 1815 Tambora eruption (Stothers 1984; Briffa et al. 1998; Robertson et al. 2001; Oppenheimer 2003) . Other manifestations of external (volcanic and solar) forcing of NEMED temperature variability include the 1675-1680 cold period that occurred during the Maunder solar minimum (Eddy 1976) and volcanic eruptions in 1835 (Cosiguina), 1883 (Krakatoa), and 1912 (Novarupta) that resulted in below-average NEMED summer temperatures.
Other years of European-wide extreme weather cannot easily be attributed to external drivers. A prominent example is the year 1740, which was characterized by extreme cold throughout Europe (Shabalova and van Engelen 2003; Jones and Briffa 2006; IPCC 2013) and in New England (Perley 1891) , leading e.g. to widespread famine in Ireland (Dickson 1997; Engler et al. 2013) , and is one of the coldest years in our NEMED reconstruction.
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CONCLUSIONS
By compiling MXD measurements from 21 sites, I developed a NEMED summer temperature reconstruction that covers the period AD 1675-1980. Cold and warm extremes and decades in this NEMED reconstruction correspond to regional-scale instrumental data sets and reconstructions. Some extreme periods (e.g. 1810s) reflect European-wide or even global-scale climate conditions and can be explained by volcanic and/or solar forcing. Other extremes, however, are strictly regional in scope (e.g. cool summer of 1976). The regional NEMED summer reconstruction thus contributes to an improved understanding of regional (e.g. sNAO) vs. global-scale (i.e. external) drivers of past climate variability. All but one of the NEMED sites used in this reconstruction were sampled in the early 1980s and updates of these site collections are urgently needed to study the influence of recent anthropogenic NEMED climate forcing in this context.
